We previously determined the nucleotide sequence and characterized the 685-kb proximal half of CEPH YAC936cl, which corresponds to a portion of human chromosome 3p21.3. In the study reported here, we characterized the remaining 515-kb of this YAC clone corresponding to the telomeric half'of its human insert. The newly sequenced region contained a total of ten genes including six reported previously: phospholipase C delta 1 (PLCD1), human activin receptor type IIB (hActR-IIB), organic cation transporter-like 1 (OCTL1), organic cation transporter-like 2 (OCTL2), oxidative stress response 1 (OSR1), and human xylulokinase-like protein (XYLB). The remaining four genes present in the telomeric region included two known genes, MyD88 and ACAA, and two novel genes. One (designated ENGL) of the novel sequences was found to encode an amino-acid sequence homologous to the family of DNA/RNA endonucleases, especially endonuclease G. The other gene F56 revealed no significant homology to any known genes. These results disclosed complete physical and transcriptional maps of the 1200-kb region of 3p present in YAC 936c 1.
Introduction
The short arm of chromosome 3 is thought to contain multiple tumor suppressor genes because it shows frequent losses of heterozygosity in carcinomas of the lung, uterus, esophagus, and kidney. 1^4 Our group has been performing large-scale DNA sequencing as a part of the Japanese Human Genome Project. In an effort to isolate one of these putative tumor suppressor genes, we have been examining genomic DNA corresponding to the region on chromosome 3p21.3 where a DNA segment is homozygously deleted in a lung-cancer cell line. By screening cDNAs using genomic DNA as a probe and using Communicated by Yoshiyuki Sakaki * To whom correspondence should be addressed. Tel. +81-3-5449-5372, Fax. +81-3-544'5-5433, E-mail: yusuke@ims.utokyo.ac.jp the GRAIL2 5 and HEXON 6 programs to predict exons, we earlier identified and reported four genes in the homozygously deleted region. However, all four were subsequently excluded as candidates for tumor-suppressor functions. 7~8 As the homozygous deletion might exert a positional effect to influence expression of genes in the near vicinity, we expanded our DNA sequencing into the surrounding region. In studies reported previously, we were able to characterize the genomic structures of two of the known genes present in the relevant region, phospholipase C delta 1 (PLCD1) 9 and activin receptor type IIB (hActR-IIB). 10 In addition, we isolated four novel genes: organic cation transporter-like 1 (0CTL1), 11 organic cation transporter-like 2 (0CTL2), 11 human xylulokinase like protein (XYLB), 12 and oxidative stress response 1 (0SR1). 13 Here we describe completion of a sequence analysis for 1200-kb of chromosome 3p21.3, Sequence Analysis of 3p22-p21. 3 [Vol. 6, cloned in YAC936cl, which includes the homozygously deleted 685-kb segment reported previously.
Materials and Methods

Genomic clones and libraries
YAC clone 936c 1 was obtained from the CEPH YAC library. Chromosomal mapping and chimerism of YAC936cl were analyzed by fluorescence in situ hybridization as described previously.
14 Cosmid contigs were constructed from YAC936cl according to methods described previously. 14 
DNA sequencing
Twenty cosmid clones that constituted a contig of approximately 515-kb of YAC936cl, representing genomic material located on human chromosome 3p22-p21.3, were sequenced by the shotgun method. Briefly, these 20 clones were fragmented by sonication; DNA fragments of 1.5-to 6.0-kb were subcloned into pBluescriptIISK( -). Two hundred randomly selected clones were sequenced at both ends with T3 and T7 dye terminator using an ABI Prism 377 DNA sequencer (Applied Biosystems). DNA sequences were assembled by means of the ABI "Assembler" computer software. Gaps between the assembled segments were connected by direct-cosmid sequencing using primers designed from the end sequences of the assembled segments.
Isolation of cDNA clones
We analyzed genomic DNA sequences from the target region with two exon-prediction computer programs, GRAIL2 and HEXON, and performed exon-connection experiments by reverse-transcriptase PCR (RT-PCR) as described previously 15 ' 16 to investigate whether the predicted candidate-exons were actually transcribed. Then we screened human cDNA libraries using the exonconnected products as probes, or performed 5' and 3' rapid amplification of cDNA ends (RACE) experiments with cDNA fragments using the Marathon cDNA amplification kit (Clontech) according to the manufacturer's instructions.
2.4-Northern-blot analysis
Human multiple-tissue blots (Clonetech) were hybridized with cDNA fragments that had been labeled by random-oligonucleotide priming. A total of 16 tissues examined were as follows, heart, brain, placenta, lung, liver, skeletal muscle, kidney, pancreas, spleen, thymus, prostate, testis, ovary, small intestine, colon, and leukocyte. Pre-hybridization, hybridization and washing were performed according to the supplier's recommendations. The blots were autoradiographed and analyzed with a BAS 1000 image analyzer (FUJI).
Fluorescence in situ hybridization (FISH)
To confirm the chromosomal location of each gene, we performed FISH as described by Inazawa et al. 17 For delineation of the G-banding pattern, metaphase chromosomes were prepared by thymidine synchronization and bromodeoxyuridine release, find placed on microscope slides. Cosmid clones containing the genes were labeled with biotin-16-dUTP (Boehringer) by nick-translation and were hybridized to the denatured metaphase chromosomes. Hybridization signals were rendered visible with FITC-avidin (Boehringer). Precise assignments of the signals were determined by visualization of the replicated G-bands.
Results
Physical mapping and characterization of genomic
sequences To determine the genomic sequence of the telomeric end of YAC936cl, we constructed a physical contig map extending 515-kb telomeric to the breakpoint of the homozygously deleted region. We were able to construct a "minimal tiling path" for this 515-kb segment with 20 cosmids (Fig. IB) . Fluorescence in situ hybridization using these clones as probes confirmed that they were derived from 3p22-p21.3 (data not shown).
Database searches found a large number of Dsegments (sequence-tagged sites or expressed-sequence tags, Fig. 1A ) or repetitive sequences that matched parts of the total 1,201,033-nucleotide region. Seventeen (CA)n microsatellites, and 957 copies of repetitive sequences such as Alu (437 copies) and LINEs (153 copies) (Fig. IE, IF , and 1G), MIR (128 copies), LTR elements (MaLRs, Retrovirus, and MER4 group: 141 copies), and DNA elements (MER 1, MER2, and Mariners: 98 copies) were detected also. The GC content of this 1.2-Mb DNA segment was 44.0% on average, which corresponds to an HI isochore. 18 A total of 37 CpG islands ( Fig. ID) , which are known to be frequently associated with 5' upstream regions of housekeeping genes and also some tissue-specific genes, 19 ' 20 were detected in this region by GeneScope software. 21 A VNTR (variable number of tandem repeat) sequence consisting of about 25 repeats of a 40-bp consensus unit (CACATATATTATATATTTCAT-ACGTATTTCATATATATTT)n was found in the region covered by cosmid clone 467.
Identification of genes in the 515-kb segment
To construct a transcription map of the 515-kb telomeric portion of the YAC, we analyzed genomic DNA sequences with two exon-prediction computer programs, GRAIL2 and HEXON. We were able to identify four known genes in this way; two of them (PLCD1 and hActR-IIB) had been reported previously by us. The genomic structures of the other two, MyD88 and ACAA, are summarized in Tables 1 and 2 . MyD88, a myeloid differentiation primary response gene contained in cosmid 467, was found to span about 4.3-kb with five exons (Table 2) . ACAA, the 3-oxoacyl-CoA thiolase gene, was covered by cosmid clones 467 and 543; it spanned an approximately 14.4-kb genomic region and consisted of 12 exons (Table 2) . Although nucleotide sequences of exon-intron boundaries of the MyD88 and ACAA genes were reported by others, 22 ' 23 all of the splice signals obtained by our sequences were consensus ones.
Isolation of novel genes
By means of exon-connection experiments and computer-prediction of exons, with subsequent cDNA screening, we were able to define six additional genes in the 515-kb region, including four (OCTL1, OCTL2, XYLB, and OSR1) that we reported recently ( Table 1) . One of the two additional genes, designated F56, showed no significant homology to any known genes. The other, with similarity to endonuclease G, we designated endonuclease G-like (ENGL). Northern-blot analysis revealed that a 1.7-kb transcript of ENGL was expressed in all 16 human tissues examined (data not shown), although a 2.1-kb band specific to heart, liver, skeletal muscle, and testis was detected. We identified two types of cDNA clones, 1460 and 1799 nucleotides respectively (DNA sequences are not shown, but are available from GenBank, accession numbers AB020523 and AB020735). With SSCP analysis of several cancer materials, we have found no somatic mutation in these genes so far. Figure 2 illustrates the genomic structure of the ENGL a) The DNA sequence of each clone was determined, checked against the databases, and anaiyzed using exon prediction programs, "this report" means the novel gene isolated by us. "reported previously" indicates that the complete cDNA sequence and genomic structure was reported previously by us. b) Each novel cDNA clone was examined by hybridization against human multiple tissue Northern blots (Clonetech; including 16 human tissues), c) The number of predicted exon examined by GRAIL2 or GENSCAN respectively. gene. The 1.7-kb transcript, ENGL-a, consisted of six exons; the 2.1-kb transcript, ENGL-b, shared only exons 4 and 5, and parts of exons 3 and 6 with ENGL-a. The 3' nucleotides of ENGL-b from 1405 to the 3' end were not present in the genomic DNA sequences we determined in the YAC. The 368-amino-acid protein encoded by the 1.7-kb transcript and a 149-amino-acid protein encoded by the 2.1-kb transcript share only 90 amino acids in their middle portions. A homology search using the FASTA program 24 with the ENGL-a sequence revealed that the predicted product was similar to proteins belonging to members of the DNA/RNA endonuclease family, especially human endonuclease G (ENDOG), 25 murine ENDOG, 26 and bovine ENDOG 27 " 29 (38.2%, 37.1%, and 36.5% amino acid identity, respectively; Fig. 3 ).
Discussion
We have determined the complete DNA sequence of a 515-kb segment of genomic DNA corresponding to the telomeric half of CEPH YAC936cl (human chromosome 3p22-p21.3). By combining the results with the 685-kb sequence of the centromeric half reported previously, we have completed sequence analysis of the entire region contained in this YAC. We have now a total of about 1.2-Mb of 3p genomic sequence (in an average of 99.98% sequence accuracy), which in addition to 14 genes contains 17 copies of microsatellite sequences containing 27 to 63 CA repeats. It also contains 957 copies of various repetitive elements that together account for 34.4% of the entire sequence. The average GC content of the 1.2-Mb sequence was 44.0%, but among the 204 exons the GC content averaged 47.8%.
As to the possibility of deletions or rearrangements of CEPH YAC clones, using FISH analysis we mapped the several cosmids derived from YAC936cl including the clones that correspond to the URA or TRP end, or the clones including the isolated gene(s) to chromosome 3p21.3. In addition, we revealed that a total of 204 exons were distributed over the 1200-kb segment. By comparing the cDNA sequences isolated with the 1200-kb segment, all of the exons were found in this region with compatible direction. Hence no gross rearrangement or deletion of YAC936cl was found in our sequences. One VNTR (variable number of tandem repeat) sequence of about 25 repeats of a 40-bp consensus unit was found between the 5' end of the OSR1 gene and the 3' end of the MyD88 gene. Evidence has lately emerged that some VNTR sequences likely play significant roles in the regulation of transcription of mRNA, and that certain allelic variants may be associated with personality traits or with susceptibility to diseases such as IDDM or epilepsy. 30 " 35 For example, an allele of the intronic VNTR sequence present in the 5' promoter region of the serotonin transporter gene, which carries a 44 bp deletion, is significantly more common in individuals with anxiety-related personalities such as neuroticism, tension, and harm-avoidance than in the general population. Moreover, the region containing the sequence lacking those 44 bp is less active in promoting transcription of the reporter gene than the full VNTR sequence. 36 Hence, the VNTR we found in the 5' flanking regions of OSR1 and ACAA (see Fig. 1C and IE) might influence transcription of those two genes. Using computer-assisted methods, we identified in the newly sequenced 515-kb genomic fragment four known genes (PLCD1, hActR-IIB, MyD88, and ACAA); six others encoded OCTL1, OCTL2, OSR1, XYLB, F56, and ENGL ( Table 1) . Two of those, F56 and ACAA, located in the 130-kb segment covered by cosmid clones 306-543 (Fig. 1H) shared their last exons. Therefore, expression of these two genes may be regulated by a common mechanism and their products may be involved in biophysiologically related pathways.
ENGL, a novel molecule, revealed significant homology to endonuclease G found in mitochondria humans, mice, bovines, and yeast. This enzyme may function with ribonuclease as well as with deoxyribonuclease, playing a role in mitochondrial DNA (mtDNA) replication. Northern-blot analysis revealed that a 1.7-kb transcript was expressed in all 16 human tissues examined, although a 2.1-kb band was also present in heart, liver, skeletal muscle, and testis. The 2.1-kb transcripts appeared to lack exon 1, exon 2, and 747 bp of exon 6 (partial se-quence), comprising a total of 278 codons and 330 bp of the 3' non-coding region, but they possessed an additional 952-bp exon, a 74-bp exon located 5' of exon 3, and 413 bp of the 3' region. On the basis of its sequence similarities and conserved motifs with respect to DNA/RNA endonucleases, we believe that ENGL protein likely plays a role in mtDNA replication. However, the role of the tissue-specific 2.1-kb transcript remains unclear.
The MyD88 gene, which is activated in Ml myeloleukemic cells in response to interleukin-6, 37 induces both growth arrest and terminal differentiation. Its first exon encodes a "death domain" similar to the intracellular segment of TNF receptor-1, and its C-terminal region is homologous to type I interleukin-1 receptor cytoplasmic domain. 38 Another known gene in the segment studied here encodes human peroxisomal 3-oxoacyl-CoA thiolase (AC A A), an enzyme operative in the peroxisomal beta-oxidation system.
We previously reported that three of four genes located in the 685-kb centromeric region of the 3p region contained in YAC936cl were likely to be related to cell structure or to intracellular transport (trans-Gblgi p230, HYA22, and villin-like). 8 In the 515-kb segment sequenced here, a total of ten genes encoding proteins with various biophysiological functions are present; two of them are likely to be transmembrane transporters (OCTL1 and OCTL2) and the others may have important functions In metabolism, differentiation, or cell proliferation.
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The human genome project has engendered a number of exon-prediction computer programs whose accuracy is very important, even critical, to our purposes. We compared data obtained from analysis of the 1200-kb segment of 3p genomic DNA with GRAIL2 and GEN-SCAN. The latter, a recently designed program, differs from most existing gene-recognition algorithms. 39 The result revealed that 69% of the 204 exons included in the 14 genes were predicted by GENSCAN and 73% by GRAIL2 (see Table 1 ). One hundred twenty six (64%) of the 196 fragments predicted as exons by GENSCAN, and 143 (77%) of the 186 candidate exons predicted by the GRAIL2 program as "excellent" scores were confirmed to be genuine exons. Only 13 (11%) of the 116 exons predicted as "good" scores and four (6%) of the 66 exons predicted as "marginal" scores by the GRAIL2 program were confirmed to be parts of genes (Table 3a) .
Among the computer-predicted exons, the first and last exons were also predicted relatively accurately: 18 (64%) of the 28 fragments predicted as first or last exons by GRAIL2, 19 (67%) of the 28 such exons predicted by GENSCAN, and 24 (86%) of the 28 predicted by GRAIL2 or GENSCAN together were confirmed as real exons (Table 3b) . GENSCAN also detected 13 (92%) of the 14 genes present, and recognized 10 (71%) of them as complete genes. Combining these two exon-prediction programs should make it possible to routinely detect Table 3 . Genomic DNA analysis data provided by GRAIL 2 and GENSCAN computer program. a) The frequency of real exon/predicted exon. For the GRAIL 2 program, the groups were divided according to excellent, marginal, or good scores, b) The frequency of first or last real exon/predicted exon.
genes and determine their genomic structures effectively.
